Management of chromatic dispersion is necessary for short-pulse applications. For instance, anomalous dispersion can be useful for dispersion compensation in a femtosecond fiber laser operating at 1.03 m wavelength. 1 In conventional silica step-index fibers, the zero-dispersion wavelength can only be shifted down to 1.27 m, while photonic crystal fibers (PCFs) allow the zero-dispersion wavelength to be shifted down to the visible part of the spectrum. 2 However, this is obtained at the cost of a very small mode effective area ͑A eff ͒. 2 On the other hand, delivery of high optical power thanks to single-mode fiber is of great interest due to the inherent low propagation and bend loss, high optical damage threshold of silica, and excellent spatial beam quality. However, the onset of nonlinear effects limits the optical power that can be delivered, especially in short-pulse applications. Consequently, large mode area (LMA) fibers are preferred. Unfortunately, in LMA step-index fibers or PCFs, light travels mainly in the bulk silica, and thus the chromatic dispersion is primarily governed by the material.
A variety of optical fiber designs have been proposed to manage the dispersion. For instance, telecommunication-oriented dispersion-managed fibers have flourished during the past decade. Fibers with a W-profile 3 or higher-order-mode (HOM) fibers designed to support the LP 02 mode have proved to be efficient dispersion compensators. 4 Recently, a HOM fiber was used to reach anomalous +60 ps/ ͑nm km͒ dispersion at 1 m wavelength, 5 together with medial 44 m 2 A eff . Dual concentric core fibers, consisting of a very thin high-index core surrounded by a broad ring and exhibiting D c up to ±2000 ps/ ͑nm km͒ operate thanks to coupling between fundamental modes of both cores. 6 The dual concentric core fiber design was extrapolated to PCF technology. 7 Except for HOM fibers, high dispersion is reached only in fibers with small A eff , e.g., 15 m 2 (Refs. 3 and 6) and 2 m 2 . 7 We have proposed a design of a single-mode LMA photonic bandgap fiber composed of a pure-silica core surrounded by a periodic cladding composed of alternating high-n and low-n layers [see Fig. 1(a) ]. 8 The fiber preform was drawn with an outer diameter equal to 220 m to adjust the first bandgap in the third telecommunication window, where dispersion measurement setups are commercially available. The core diameter is 34 m, leading to a 500 m 2 effective area for the fundamental Bragg mode at 1.55 m wavelength. Light is guided in the core in such an antiresonant reflecting optical waveguide when its wavelength is in the interval between the cutoff wavelengths of the even modes of the surrounding high-index layers. 9 In Fig. 1 (b) are plotted the B͑V͒ curves of the even modes of the steplike inclusions shown in the inset of Fig. 1(b) ; B is the normalized propagation constant given by B = n e 2 − n 2 2 / n 1 2 − n 2 2 , where n e , n 1 , and n 2 are the mode effective index and the high and the low indices, respectively. In annular waveguides the normalized frequency is given by
2 , where is the free-space wavelength and d is the ring thickness. In the same figure, the B͑V͒ curve of the core mode cannot be plotted, since the cladding index becomes meaningless. However, according to a first approximation, the mode index can be considered as the pure silica index (this is almost true for the LMA fiber). Thus the mode index approximately corresponds to B = 0. By nature, the bandgaps are delimited by intersections of B͑V͒ curves and the B = 0 line. In the circularly symmetric bandgap fiber, the first bandgap lies between V =0 and V = 3.3 corresponding to the cutoff of LP 01 and LP 02 modes of the ring. Several other gaps may be found at higher V. The B͑V͒ curves corresponding to the odd modes of the ring are also plotted in Fig. 1(b) . In such a fiber, some of the odd modes lie in the fundamental gap. In this Letter we demonstrate that coupling of the even Bragg mode to the ring's odd modes is possible thanks to asymmetric perturbation. We theoretically and experimentally show that very high positive and negative dispersion coefficients can be reached thanks to these modal interactions.
To check our assumptions we first carried out numerical modeling of the modal behavior of the actual fiber. The various modes of the bent fiber were computed using the actual index profile and the finiteelement-method algorithm. The effective index curves of the modes resulting from one of the avoided anticrossings are plotted in Fig. 2 for a 10 cm curvature radius. The ring's LP 8,1 and the core's LP 01 modes couple around the phase-matching wavelength PM = 1.47 m. At PM the mode field distribution exhibits the features of both isolated modes: a large Gaussian central spot surrounded by 16 small spots lying in the first ring. Also, the well-known bending-induced shift of the field outside the curvature is theoretically observed. The computed chromatic dispersion versus the wavelength is plotted in the inset of Fig. 2 . This curve was computed from the n e ͑͒ curves of the two resulting modes, each of them contributing to a dispersion peak. 6 Very high chromatic dispersion around ±20,000 ps/ ͑nm km͒ is obtained in the vicinity of PM . By nature, for such a resonant effect, the stronger the resonance is, the higher the dispersion and the smaller the bandwidth. Indeed, the computed bandwidth is smaller than 3 nm. As shown in Fig. 2 , the modes' indices lie below the pure silica index. This is obvious, since the core is made of pure silica, and implies that coupling will occur at wavelengths longer than the cutoff wavelengths of the ring's modes. Consequently, the loss is expected to be large. The refractive index of the core and of the low-n layers could be raised above the silica index by Ge doping. In such a case an additional step index would assist the bandgap guidance mechanism and would lead to a decrease of the loss.
We then turned to experiments and measured the chromatic dispersion of the fiber using a commercial setup (EG&G CD-300) employing the phase-shift technique and operating in the second and third telecommunication windows. The wavelength step was 2 nm. The bandgap fiber was fusion spliced to standard single-mode fibers. The splice was carried out manually using a laser source emitting at a wavelength far from the phase-matching wavelengths and a Vidicon camera. Great care was taken to ensure launching of light in the core only and to avoid excitation of the first ring's modes. However, the splicing was not optimized in terms of loss, although we showed it is possible by using fibered diffractive optics. 10 The 130 m long piece of fiber was spooled on a 10 cm radius reel. Also, the attenuation spectrum was measured using the cutback technique. The results are plotted in Fig. 3 . The experimental phasematching wavelength is equal to 1.47 m, in excellent agreement with the predicted one. We have observed the field intensity distribution at this wavelength. As predicted, the Bragg mode is coupled to the LP 8,1 mode of the first ring (see the inset of Fig.  3) . Far from the coupling, i.e., = 1.52 m, only the Bragg mode is excited. First, the chromatic dispersion oscillates around PM . The peak values are 900 and −1480 ps/ ͑nm km͒. To the best of our knowledge, this is the first experimental demonstration of such large values in a LMA fiber. However, these values are one order of magnitude smaller than predicted. Also, the resonance takes place over 34 nm. The discrepancy is explained as follows: the B͑V͒ curves depend on the ring's position and thickness. The tolerance on the fiber outer diameter during the fiber drawing, and thus on the radii of the fiber, was ±0.5%. Calculations showed that a variation of the ring's position (thickness) by 0.5% shifts the B͑V͒ curves by 8 nm ͑5 nm͒ around PM = 1.47 m. Small fluctuations of the radii along the length can lead to variations of PM . The various resonances will spectrally overlap, and the overall effect will decrease and spectrally broaden. The length of the bandgap fiber was reduced to 24 m, and the chromatic dispersion was measured. The chromatic dispersion value was increased by a factor of two, while the bandwidth was reduced from 34 to 24 nm. Finally, the length was reduced to 1 m. The chromatic dispersion was not measured due to the too-short length. However, we observed the near-field intensity at the output of the short piece of fiber. The bandwidth of the coupling was reduced to approximately 7 nm. As expected, the measured attenuation rises around the phase-matching wavelength, where the core mode couples to a leaky mode. The attenuation is maximum ͑Ͼ100 dB/ km͒ at PM , wavelength corresponding to the maximum fraction of the power in the ring.
In summary, a bandgap fiber was proposed to obtain a large mode area and large chromatic dispersion. Interaction between the even Bragg mode and the odd modes of the first ring was observed. The chromatic dispersion curve exhibits two symmetrical lobes. Dispersion coefficients as high as ±1000 ps/ ͑nm km͒ were achieved. Both the effective area and the chromatic dispersion values were one order of magnitude larger than those of a HOM fiber. A bandgap fiber drawn at a smaller outer diameter should exhibit large anomalous chromatic dispersion at the operating wavelength of an Yb 3+ -doped fiber laser, with subsequent application to pulse compression.
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